Background and Purpose-Transcranial color-coded duplex sonography has become a standard diagnostic technique to assess the intracranial arterial status in acute stroke. It is increasingly used for the evaluation of prognosis and the success of revascularization in multicenter trials. The aim of this international consensus procedure was to develop recommendations on the methodology and documentation to be used for assessment of intracranial occlusion and for monitoring of recanalization. 
T ranscranial color-coded duplex sonography (TCCS) is widely used to evaluate the intracranial arterial system in patients with acute stroke. Because it is a noninvasive real-time method, it can be used as a bedside tool to identify patients with compromised intracranial hemodynamics. Numerous studies highlight its value in diagnosis and follow-up of acute stroke patients.
By combining B-mode and color Doppler imaging, TCCS provides several advantages compared with transcranial Doppler sonography: (1) it more reliably identifies blood flow in specific intracranial vessel segments; (2) it allows a more detailed allocation of vessel pathologies; and (3) it offers the opportunity for angle correction, resulting in more accurate measurement of flow velocities. Furthermore, TCCS enables detection of the position of the third ventricle and a potential midline shift in ischemic stroke. [1] [2] [3] Although intracerebral hemorrhage (including hemorrhagic transformation of stroke), aneurysms, and arteriovenous malformations may be detected by TCCS, 4 -12 it is not the first-line imaging method in these situations.
TCCS is increasingly used in studies on recanalization therapies as a tool to assess occlusive disease of the main segments of the intracranial arteries, to evaluate early recanalization, and to guide therapeutic decisions. [13] [14] [15] [16] [17] Ultrasound evaluation provides important prognostic information in the acute stage of stroke. 18 -21 However, there is currently no systematic consensus agreement on how TCCS examination of acute stroke is best performed. Standardized recommendations are needed to increase reproducibility and comparability of the results of TCCS studies of acute stroke especially in a multicenter setting. The aim of this consensus was to give recommenda-tions on a standardized approach to utilize TCCS in multicenter acute stroke studies.
For the consensus process, the "state-of-the-art" approach developed by Glaser 22 was chosen. A group of experts prepared a draft manuscript based on a systematic review of the literature on TCCS in acute stroke by an extensive search in electronic databases and hand-searching key journals.
In the second step, this draft was sent to a group of 35 international experts invited to participate in the consensus process. The experts were identified and selected on basis of previous publications in the field of TCCS in acute stroke.
After the receipt of the participants' suggestions, a revised version of the manuscript was prepared and discussed in a consensus meeting in October 2008 in Giessen, Germany. All participants of the consensus group approved the recommendations presented in this work.
How to Measure Examination Procedure
Even though no formal consensus on the examination plane used for TCCS examinations has yet been developed, because in principle the examination plane can be chosen freely within the acoustic window, it is common standard to apply an axial mesencephalic insonation plane through the temporal bone window, allowing the depiction of the circle of Willis. 20 -23 This plane is essentially characterized by the butterfly-shape mesencephalic brain stem on B-mode imaging and by depiction of basal cerebral vessels in the color mode. Because of different angles, the axial insonation plane is usually not identical to the axial plane displayed with MR and CT imaging (Figures 1 and 2 ). The lesser sphenoid wing serves as a B-mode landmark for the terminal internal carotid artery (ICA) and the siphon.
The 23 The entire course of all large arteries, as well as all pathological findings, has to be investigated by color-coded as well as spectral Doppler sonography. The depiction of B-mode structures, in combination with the superimposed color-coded flow-velocity map, should be used for the evaluation of the quality of the acoustic bone window. 24 The color-coded flow-velocity map serves as an examination tool for the presence of stenoses, occlusions, and collateral flow through the circle of Willis. For details on the examination procedure, the clinical application, and normal values, reference is made to recent reviews. [25] [26] [27] Consensus Statement 1 An adequate interpretation of intracranial findings always requires careful assessment of the extracranial vasculature, because obstructive disease of extracranial vessels may significantly influence or severely compromise intracranial hemodynamics.
Consensus Statement 2
The standard extracranial protocol in the acute stroke setting does not necessarily include evaluation of the ophthalmic artery or supraorbital arteries. In case of relevant ICA 24 pathology, an inverted flow direction in the ophthalmic artery does not provide further information beyond a complete ICA examination. In case of insufficient temporal bone window, evaluation of ophthalmic artery flow direction may be of additional value.
Acoustic Window
The main limitation of TCCS arises from poor acoustic insonation conditions. Because of an insufficient temporal bone acoustic window, insonation of the basal cerebral arteries is incomplete in Ϸ10% of patients with cerebrovascular diseases. 28 -30 Application of an ultrasound contrast agent increases the number of conclusive ultrasound studies and allows adequate diagnosis in Ϸ80% to 90% of those patients with insufficient bone windows. [31] [32] [33] [34] [35] [36] [37] [38] A sufficient bone window can be assumed once the ipsilateral proximal branches of the circle of Willis can be displayed, including sufficient Doppler spectra. For the situation of carotid T-occlusion, please refer to the respective section.
Consensus Statement 3
Ultrasound contrast agents (UCA) should be used in the setting of clinical trials:
• In case of an insufficient temporal acoustic bone window: insufficient signal intensity, or absent visibility of the proximal branches of the circle of Willis.
• In cases in which UCA are given at baseline, follow-up examinations should also be performed with UCA. This is important because measured flow velocities may be higher when using UCA. 34, 39 • Because of varying availability of UCA in different countries and because of a lack of studies with direct comparison of the different UCA, there are no specific recommendations on the type of UCA. In view of the current literature, application of multiple small boli or continuous intravenous infusion increases the length of the diagnostically useful time window.
Angle Correction
One of the advantages of TCCS over transcranial Doppler sonography is the use of angle-corrected flow velocity measurements. Because of anatomic variations, the angle between the transtemporally transmitted ultrasound beam and the major intracranial arteries varies considerably between different arterial segments, between similar segments of different individuals, and interhemispherically within the same person. 40 Angle correction reduces the inaccuracy in flow velocity measurements and allows defining diagnostic criteria with a higher sensitivity to detect intracranial arterial narrowing (ie, stenosis, vasospasm). [41] [42] [43] Angle corrected measurements do not decrease intrarater or interrater reproducibility as compared to noncorrected measurements. 44 -47 
Consensus Statement 4
To prevent inadequate measurements, angle correction should only be applied to velocity measurements when the sample volume can be located in a sufficiently long vessel segment that allows sufficient tracing of the main flow vector. 25, 48 In case of a stenosis being located in a curved arterial segment, angle correction should be omitted, and the ultrasound probe should be repositioned to obtain the smallest insonation angle possible.
Consensus Statement 5
In case of angle-corrected measurements, the correction angle or additional values of uncorrected velocities (that can be calculated from angle corrected velocities and the correction angle) should be provided in publications. This may help to further define the value of angle correction.
Angle correction potentially is of great value for the evaluation of flow velocity differences between both MCA. Asymmetry of flow velocities is an important indirect criterion for the diagnosis of MCA stenoses. Most importantly, because branch occlusions of the MCA cannot reliably be depicted directly, the indirect diagnosis of branch occlusions relies on a reduction of the M1 flow velocity compared to the contralateral side. A prospective, angiography-controlled study defined nonangle-corrected Doppler criteria for the detection of branch occlusions. An asymmetry index is defined that helps to differentiate normal flow velocities from reduced M1 flow in multiple (Ն3) branch occlusions (asymmetry index). 49 Another angiography-controlled study established anglecorrected, contrast-enhanced TCCS criteria for MCA branch occlusion. An end-diastolic velocity within the M1 segment of Ͻ26 cm/sec in combination with an end-diastolic ratio of Ͻ2.5 between the contralateral and the ipsilateral M1 segments identified branch occlusion (as opposed to Ͼ2.5 indicating M1 occlusion). 50 However, this study was small and no specifications were made on how the criteria relate to the number of affected MCA branches. Furthermore, peak velocities assessed with contrast-enhanced TCCS are Ϸ10% to 20% higher compared to those assessed without echo contrast agents. 34, 39 It is thus possible that only the criterion "end-diastolic ratio Ͻ2.5," but not the criterion "end-diastolic MCA velocity Ͻ26 cm/sec" is useful for nonenhanced TCCS.
Consensus Statement 6
To date, 2 studies have been published that investigated hemodynamics of the M1 segment in MCA branch occlusion. Its solid evaluation requires normal extracranial and contralateral findings as a prerequisite. Angle-corrected TCCS may allow a more accurate approach to detection of MCA branch occlusion. However, the studies discussed were small and one of them used contrast-enhanced TCCS. Therefore, no recommendation can be made regarding which of the criteria should be used in the setting of clinical trials until validation of this specific issue is conducted in a larger study.
In the presence of a large brain lesion (ischemic or hemorrhagic), tissue edema may dynamically expand and modify the MCA course in the first hours and days after stroke onset. 51 The resulting change of the insonation angle on the affected side may possibly lead to misinterpretations in comparison to the contralateral, unaffected side. Correction of the insonation angle in space occupying stroke has not been studied so far.
What to Measure
In single and multicenter transcranial Doppler sonography studies, the thrombolysis in brain ischemia (TIBI) score has been widely used for the assessment of initial hemodynamics and recanalization phenomena. [52] [53] [54] This scale comprises 6 different degrees of hemodynamic abnormalities. In practice, the application of these degrees is difficult and in part quite subjective. Therefore, flow grades are frequently separated into 3 major categories. 55 MCA main stem occlusion (TIBI 0 -1), partial recanalization (TIBI 2-3), and complete recanalization (TIBI 4 -5) are assigned to these categories. These 3 categories have been externally validated by angiography. However, only approximately half the cases were evaluated by conventional angiography, and the time interval between Doppler and angiography studies was long. 55 Differentiation of TIBI grades 1 to 3 (minimal flow, blunted flow, dampened flow) is especially difficult. Furthermore, flow patterns of these grades not only reflect partial recanalization of the M1 but also include different hemodynamic situations in upstream and downstream stenosis and occlusion (including obstruction of the ICA [upstream] and obstruction of MCA branches [downstream] ).
Therefore, we aimed at translating the TIBI score into a TCCS-based grading system (consensus on grading intracranial flow obstruction [COGIF] score). This scoring system is exclusively based on known hemodynamic changes of the Doppler spectrum that can be observed in the acute stage of stroke. This tool can be applied for both baseline evaluation and assessment of the recanalization progress during follow-up (Figure 3, Table) . The major grades of the COGIF score comprise vessel occlusion (grade 1), partial recanalization (grades 2 and 3), and established perfusion (grade 4).
Comment on COGIF Grade 1: No Flow
This corresponds to the sonographic finding seen in occlusion of the M1 segment of the MCA or the carotid T.
Occlusion of the M1 Segment (MCA Main Stem Occlusion)
The main diagnostic criterion of the occlusion of the M1 segment is the absence of a color Doppler flow signal and its Doppler spectrum in the location of the proximal MCA segment. 29,56 -58 Because the absence of Doppler signals may be a consequence of an insufficient acoustic bone window, a reliable diagnosis of arterial occlusion requires a sufficient visibility of the other arteries (ACA A1-segment, C1-segment of intracranial ICA) or veins (deep middle cerebral vein) of the anterior circulation or visibility of the contralateral anterior circulation.
Carotid T Occlusion
TCCS lacks angiographically validated criteria for the diagnosis of carotid T occlusion. The mostly used diagnostic criterion of carotid T occlusion is the absence of color Doppler flow signal and its Doppler spectrum in the M1 segment of the MCA, the intracranial ICA, and the ipsilateral A1 segment of the ACA. Good visibility of the deep middle cerebral vein, the ipsilateral A2 segment, or the contralateral anterior circulation increases the reliability of this diagnosis.
Consensus Statement 7
If these criteria are fulfilled, it is not necessary to further confirm these diagnoses by use of UCA. A minimal quality standard requires the use of UCA only if insonation conditions are unsatisfactory and a reliable diagnosis is not possible otherwise (see Consensus Statement 3).
Consensus Statement 8
Diagnosis of a carotid T occlusion should be additionally confirmed by presence of decreased flow velocities, in particular end-diastolic, or oscillating flow, in the ipsilateral cervical ICA and common carotid artery in comparison to the contralateral side.
Comment on Grades 2 and 3: Low Flow
This situation may be caused by different pathological conditions. Low-flow phenomena in the M1 segment of the MCA may be found in the situation of a partial recanalization of the M1 segment or the carotid T, and also in case of an upstream carotid obstruction, or in case of a downstream obstruction (ie, distal main stem or MCA branch occlusions). Upstream or downstream obstruction has to be differentiated from partial recanalization of the M1.
Upstream Obstruction
A hemodynamically compromising ICA lesion can reduce downstream flow velocities in the MCA without MCA or intracranial ICA disease. Such a lesion can also produce compensatory increased flow velocities in the contralateral hemisphere, thereby increasing the asymmetry index. 41, 59 To ascribe an intracranial flow reduction to intracranial pathology, an upstream obstruction of the ICA an has to be ruled out. Figure 3 . 
Downstream Obstruction (Branch Occlusions)
The diagnosis of MCA branch occlusions is based on the calculation of the asymmetry index (see Angle Correction). This index should only be calculated if the supplying carotid arteries and the contralateral MCA can be assessed without relevant stenosis or occlusion.
In the COGIF score, low-flow velocities without diastolic flow, indicating a state of residual flow, are distinguished from complete obstruction, because residual flow signals are associated with improved results of tissue plasminogen activator thrombolysis. 60, 61 
Comment on Grade 4: Established Perfusion
In this grade, different hemodynamic situations are integrated, including normal flow (4a), stenotic flow (4b), and high-flow velocities in hyperperfusion (4c). This was performed because the consensus group thought that delineation of high-flow velocities from normal-flow velocities is less relevant in consideration of the foremost goal of acute stroke treatment, the reestablishment of sufficient hemispheric perfusion. This grade therefore comprises 2 different pathological conditions. A focal increase in velocity indicates intracranial stenosis, whereas increased flow velocities along a complete arterial segment reflect hyperperfusion and may be found in the initial state after recanalization, or in case of collateral flow across the involved artery.
Consensus Statement 9
In a prospective study, TCCS data were correlated with digital subtraction angiography. 41 Criteria based on this study allowed for the reliable assessment of Ն50% and Ͻ50% basal cerebral artery diameter narrowing. They should be applied for the detection and follow-up of intracranial stenoses. However, these criteria have not been validated in the setting of acute stroke. Reactive hyperperfusion may possibly lead to overestimation of the degree of intracranial stenosis.
Follow-Up Evaluation (Recanalization)
Follow-up evaluation is an important issue in TCCS studies. A standardized and uniformly used recanalization protocol will strongly improve the comparability of different studies.
The time point of a suitable follow-up evaluation cannot be generally recommended and has to be part of the protocol of every individual study. It has to be taken into consideration that the hemodynamic situation in the acute phase of vessel occlusion and during the recanalization progress is subject to fluctuations. To prevent incorrect interpretations, the time points of the follow-up evaluations should be wellstandardized within a study protocol and adhered to in all individual study subjects. Furthermore, care has to be taken to perform follow-up measurements at exactly the same localization that was chosen at baseline (as defined by insonation depth and angle correction).
Possible hemodynamic alterations of follow-up findings in relation to the vascular situation at baseline are: (1) reflow (partial or complete recanalization); (2) no change; and (3) worsening (Table) .
Comment on 1: Reflow
Partial recanalization is assumed in case of:
• Improvement by Ն1 grades on the COGIF score. Complete recanalization is assumed, if:
• Flow within the previously occluded vessel has developed to grade 4.
Comment on 2: No Change
No change is assumed, if:
• The COGIF grade from baseline evaluation persists.
Comment on 3: Worsening
Worsening is assumed, if:
• The flow situation deteriorates by Ն1 grades on the COGIF score.
Who Examines the Patients and How to Document the Findings
The quality of sonographic study results directly depends on the skills and experience of the examiner. All ultrasound procedures in clinical trials therefore need to be performed by sufficiently trained and experienced sonographers. The organizers of clinical trials should define minimum quality requirements for their participating sonographers before patient recruitment. The consensus group agreed that an international quality guideline developed by the Neurosonology Research Group should serve as a basis for elaborating standards for individual trials (www.nsrg.org.tw/expert.htm).
Consensus Statement 10
The ultrasound findings should be interpreted on site by an experienced ultrasound investigator. Subsequent offline analysis of recorded videotapes, prints, or digitally stored screenshots has proven to be less reliable in previous studies.
Because of a lack of reliable data on the optimal way of study documentation, further research in this field is necessary.
Consensus Statement 11
Because full blinding of the ultrasound investigator is not feasible, follow-up clinical assessment should be blinded with respect to the ultrasound findings. In case of treatment studies, the ultrasound investigator should not be aware of the treatment allocation. All extracranial and transcranial sonographic findings should be documented according to established guidelines (an English version of the recommendations for documentation of the German Society of Ultrasound in Medicine is available online at www.degum.de/657.html). In case of unaffected vessels, this includes documentation of both color imaging and Doppler spectra. In case of pathological findings, documentation includes recording of the pathology and of the vessel segments upstream and downstream to the focus. Each pathological finding has to be documented separately in such a way that the interpretation of the initial examiner is comprehensible.
Concluding Remarks
This work presents consensus statements based on the experience of a panel of experts in an attempt to standardize the methodology for TCCS in the setting of acute stroke research, aiming to improve the reliability and reproducibility of the results of future stroke studies. The consensus statements cover different aspects of TCCS application the consensus panel thought to be controversial and that need clarification for more uniform use of this diagnostic modality.
The presented COGIF score may serve as a tool to more reliably assess vascular status and treatment results in case of acute intracranial vessel occlusion. We aimed to design this score to evaluate hemodynamic alterations that can be objectively recognized and categorized. Proper use of the score requires careful assessment of all brain supplying arteries to rule out indirect effects by upstream and downstream vascular obstructions possibly influencing the hemodynamics of the target vessel. Based on this prerequisite, the score may improve comparability of study results. However, it is stressed that this score has not yet been validated against another imaging modality.
